Seed germination is responsive to environmental chemical cues, such as karrikins, which are 17 germination stimulants produced from wildfires 1,2 . Seeds of Brassica tournefortii -a 18 widespread problematic weed associated with post-fire and disturbance sites -are highly 19 sensitive to KAR1, the most abundant karrikin, whereas Arabidopsis thaliana responds more 20 sensitively to KAR2, a less abundant karrikin 3,4 . The mechanism for these differential 21 responses is unclear. KARRIKIN INSENSITIVE2 (KAI2), a paralogue of the strigolactone 22 receptor DWARF14 (D14), is the putative karrikin receptor identified from Arabidopsis 4,5 . 23
: B. tournefortii is highly sensitive to KAR 1 , the major karrikin analogue isolated from smoke a, Germination responses of B. tournefortii seed to KAR 1 that B. tournefortii is more sensitive to KAR1 than to KAR2. This pattern of ligand preference is 79 true of many karrikin-responsive species from ecosystems prone to wildfires 1,9 , but notably is 80 opposite to that of Arabidopsis 3,4 . 81
Orthologues of KARRIKIN INSENSITIVE2/HYPOSENSITIVE TO LIGHT (KAI2/HTL) are 82 ubiquitous in land plants, and are normally present as a single gene copy within an ancient 83 and highly conserved "eu-KAI2" clade 20 . There is growing evidence that, beyond its ability to 84 mediate karrikin responses, KAI2 has a core ancestral role in perceiving an endogenous 85 karrikin-like ligand ("KL") that regulates seed germination, seedling development, leaf shape 86 and cuticle development [21] [22] [23] . The genus Brassica has undergone a whole genome triplication 87 event since its divergence from the Arabidopsis lineage [24] [25] [26] . This process might have allowed 88 additional KAI2 copies to gain altered substrate specificity, potentially enhancing perception 89 of environmental signals such as karrikins from smoke. 90
To establish whether there are multiple KAI2 homologues present in B. tournefortii, we 91 examined transcriptomes from seeds and seedlings. Three putative KAI2 homologues were 92 identified (BtKAI2a, BtKAI2b, and BtKAI2c; Fig. 2a ; Supplementary Fig. 2 and 3) . BtKAI2a 93 grouped with AtKAI2 and those of other Brassicaceae within a single clade, whereas BtKAI2b 94 and BtKAI2c grouped within a clade unique to Brassica. This phylogenetic pattern implies that 95
BtKAI2a is the ancestral copy of KAI2, whereas BtKAI2b and BtKAI2c arose more recently via 96 genome triplication within Brassica. All three BtKAI2 transcripts were expressed in B. 97 tournefortii seeds, but only BtKAI2a and BtKAI2b could be detected in seedlings (Fig. 2b) . In 98 both tissues, BtKAI2b transcripts were the most abundantly expressed of the three. We also 99 identified two BtD14 homologues, at least one of which is functionally orthologous to AtD14 100 ( Supplementary Figs. 2 and 4) . 101
We performed transgenic complementation of the Arabidopsis kai2-2 null mutant by 102 expressing each of the three isoforms as a GFP fusion protein driven by the Arabidopsis KAI2 103 promoter (KAI2pro:GFP-BtKAI2). Such fusions of GFP with KAI2 proteins have been used 104 previously with to analyse KAI2 activity 19, 27, 28 . Both BtKAI2a and BtKAI2b complemented the 105 seedling and leaf phenotypes of kai2-2, whereas BtKAI2c did not, despite being expressed at 106 the transcriptional level (Fig. 2c,d and Supplementary Fig. 5c ). We could not detect GFP-107
BtKAI2c protein in three independent transgenic lines, while GFP-BtKAI2a and GFP-BtKAI2b 108 accumulated at consistent levels ( Fig. 2e ). Following transient expression in tobacco leaves, 109 levels of BtKAI2c protein were considerably lower than for BtKAI2a and BtKAI2b, suggesting Supplementary Figure 2 . b, Transcript levels of the three BtKAI2 homologues in seed imbibed for 24 h (left) and four-day-old seedlings treated with or without 1 µM KAR 1 for 24 h. c, d, Seedling and rosette phenotypes of two independent transgenic lines of Arabidopsis homozygous for KAI2pro:GFP-BtKAI2x transgenes. e, Immunoblots of soluble proteins challenged with antibodies against KAI2 (upper panel), GFP (middle panel) or actin (lower panel). Non-specific bands are marked with asterisks. Protein was isolated from pools of approximately fifty 7-day-old seedlings. 5 that BtKAI2c may be poorly expressed in plant cells ( Supplementary Fig. 5b ). BtKAI2c carries 111 several unique amino acid substitutions, which together may compromise protein folding and 112 stability ( Supplementary Fig. 3 ). Therefore, we conclude that BtKAI2a and BtKAI2b are 113 functionally orthologous to AtKAI2 in regulating plant development, whereas BtKAI2c is non-114 functional and may constitute a pseudogene. 115
We further characterised the ligand preference of BtKAI2 homologues by performing 116 physiological and molecular assays with the transgenic lines. Primary-dormant Arabidopsis 117 seeds homozygous for the transgenes were tested for germination response. Germination of 118
BtKAI2b transgenic seeds was more responsive to KAR1 than KAR2 at 1 μM, whereas no 119 significant difference was observed for BtKAI2a transgenic seeds ( Fig. 3a and Supplementary 120 germination response with respect to karrikin preferences. Therefore, and consistent with 123 their relative phylogenetic positions ( Fig. 2a ), we conclude that BtKAI2a has similarity to 124
AtKAI2 in terms of ligand preference, whereas BtKAI2b has a preference for KAR1 over KAR2. 125
As BtKAI2b is more highly expressed than BtKAI2a in B. tournefortii seed and seedlings, we 126 suggest that the ligand preference of BtKAI2b accounts for the enhanced KAR1-127 responsiveness of this species. 128
To investigate the ligand preferences of BtKAI2a and BtKAI2b in more detail, we performed 129 differential scanning fluorimetry (DSF) assays on purified recombinant proteins. DSF has 130 been used extensively for inferring the interaction of strigolactone-like compounds with D14-131 and KAI2-related proteins 28-32 . Racemic GR24 is a widely-used synthetic strigolactone 132 analogue that consists of two enantiomers, of which GR24 ent-5DS is bioactive via AtKAI2 33 . 133
Catalytically inactive D14 and KAI2 variants do not respond to GR24 in DSF, suggesting that 134 the shift in thermal response results from ligand hydrolysis and a corresponding 135 conformational change in the receptor 28-30 . In DSF assays, AtKAI2 shows a specific response to 136 >100 µM GR24 ent-5DS but, for unclear reasons, no response at all to karrikins 28 . Likewise, we 137 found that both BtKAI2a and BtKAI2b were also unresponsive to karrikins in DSF 138 ( Supplementary Fig. 7a ). Therefore, we used GR24 ent-5DS as a surrogate substrate in DSF 139 assays to infer BtKAI2-ligand interactions. We found that AtKAI2 and BtKAI2a showed similar 140 responses to >100 µM GR24 ent-5DS , but the BtKAI2b response was clear at >25 µM 141 ( Supplementary Fig. 7b ). We then used a lower range of GR24 ent-5DS concentrations (0-50 µM) 142 to determine the threshold for response, which we defined as a statistically significant Supplementary Fig. 6 . Data are means ± SE of n = 3 independent seed batches, 75 seed per batch. b, Hypocotyl elongation responses of KAI2pro:GFP-BtKAI2x seedlings treated with KAR 1 or KAR 2 . Data are means ± SE of n = 3 biological replicates, 12-18 seedlings per replicate. c, Levels of DLK2 transcripts in 8-day-old KAI2pro:GFP-BtKAI2x seedlings treated with KAR 1 or KAR 2 for eight hours. Expression was normalised to CACS reference transcripts and scaled to the value for mock-treated seedlings within each genotype. Data are means ± SE of n = 3 biological replicates. Pairwise significant differences: * P < 0.05 ** P < 0.01 *** P < 0.001; ns, P > 0.05 (ANOVA). reduction in the maximal rate of change in fluorescence at the melting temperature of the 144 protein (Tm). Although BtKAI2a showed only a weak and non-significant response at 40 and 145 50 µM GR24 ent-5DS , BtKAI2b responded significantly at 10 µM and above ( Fig. 4a ). These 146 results suggest that BtKAI2b is more sensitive than BtKAI2a to GR24 ent-5DS , and that BtKAI2a is 147 most like AtKAI2 in this respect. 148
BtKAI2a and BtKAI2b differ in primary amino acid sequence at just 14 positions 149 ( Supplementary Fig. 4 ). We postulated that differences in ligand preference might be 150 determined by amino acids in the vicinity of the ligand binding pocket. Protein structural 151 homology models revealed only two residues that differ in this region: V98 and V191 in 152 BtKAI2a, and L98 and L191 in BtKAI2b; the corresponding residues in AtKAI2 are V96 and 153 V189 ( Fig. 4b-d ). Residue 98 is immediately adjacent to the catalytic serine at the base of the 154 pocket. Residue 191 is located internally on αT4 of the lid domain which, in AtD14, is 155 associated with a major rearrangement of protein structure upon ligand binding that reduces 156 the size of the pocket 34 . Homology modelling suggests only subtle differences in the size and 157 shape of the primary ligand binding pocket of BtKAI2a and BtKAI2b ( Fig. 4b-d ), but L98 158 would make the BtKAI2b pocket more hydrophobic, which is consistent with KAR1 being 159 more hydrophobic than KAR2 8 . To determine if these residues are pertinent to ligand 160 response, we replaced the two valine residues of BtKAI2a with leucine residues, generating 161 the variant BtKAI2a(b), and vice-versa for BtKAI2b, generating the variant BtKAI2b(a). In DSF 162 assays, we found that exchanging the two residues was sufficient to switch the original 163 responses, such that BtKAI2a(b) responded sensitively to GR24 ent-5DS , but BtKAI2b(a) did not 164 ( Fig. 4e ). Finally, to validate the different effects observed with GR24 ent-5DS upon BtKAI2a and 165
BtKAI2b in vitro, we examined the response of these proteins to GR24 ent-5DS in planta. We 166 found that, in terms of induction of DLK2 transcripts, GFP-BtKAI2b transgenic seedlings 167 responded more strongly than GFP-BtKAI2a and wild type Ler seedlings to 0.1 µM GR24 ent-5DS 168 ( Fig. 4f ). Overall, these results suggest that two variant residues can account for differences in 169 substrate preference between BtKAI2a and BtKAI2b. Given the importance of these residues, 170 it is notable that the non-functional BtKAI2c carries a highly non-conservative Leu-to-Arg 171 substitution at position 98 ( Supplementary Fig. 3 ). 172
Two crystal structures of KAI2 proteins from Arabidopsis thaliana and Striga hermonthica are 173 non-congruent with respect to KAR1 binding position and orientation 5,35 . In addition, the 174 affinity of AtKAI2 for KAR1 is poorly defined, with estimates of dissociation coefficients (Kd) of AtD14 for GR24 is 0.3 µM using the same technique 36 . As such, it has been difficult to 177 establish a definitive receptor-ligand relationship for KAI2 and karrikins. Our results provide 178 strong evidence that KAI2 has the capacity to confer karrikin specificity, which in turn 179 demonstrates that KAI2 is the receptor for karrikins. However, we cannot rule out the 180 possibility that karrikins interact with the receptor differently from GR24 ent-5DS , which may 181 account for the inactivity of karrikins in DSF assays. 182
The ligand binding pocket of KAI2 is generally hydrophobic, but the key residues that confer 183 ligand specificity are not clear. In certain root-parasitic weeds in the Orobanchaceae, 184 substitutions of bulky residues found in AtKAI2 with smaller hydrophobic amino acids have 185 potentially improved the affinity for host-derived strigolactone ligands with different 186 structural configurations 38,39 . In the case of BtKAI2 proteins, the more subtle changes in 187 pocket residues likely account for fine-tuning between very similar ligands. Similarly subtle 188 changes have been reported for the rice gibberellin receptor GID1: changing Ile133 to Leu or 189
Val increases the affinity for GA34 relative to GA4, which differ by just one hydroxyl group 40 . 190 Gene duplication is a common feature in plant evolutionary histories that can allow genes to 191 acquire new functions 41 . In obligate parasitic weeds, duplication and diversification of 192 Recent findings indicate that KAI2 is an integrator that also modulates germination in 203 response to abiotic environmental signals, including temperature and salinity 42 . As seed 204 germination is a critical life stage that contributes to the invasiveness of a species, strategies 205 for weed control will benefit from specific knowledge of KAI2 sequence diversity and 206 expression profiles. 207 8 METHODS 208
Chemical synthesis 209
Karrikins (KAR1 and KAR2), 13 [C]5-labelled karrikins and GR24 enantiomers (GR24 5DS and 210 GR24 ent-5DS ) were prepared as previously described 1, 9, [43] [44] [45] . 211
Plant material 212
Arabidopsis kai2-2 (Ler) and Atd14-1 (Col-0) mutants were previously described 4 . The seeds 213
of Brassica tournefortii used in this work were collected in November and December 2009 214 from two sites in Western Australia (Kings Park in Perth, and Merridin) as described 215 previously 46 . Seeds were dried to 15% relative humidity for one month prior to storage in air-216 tight bags at -20 °C. 217
Seed germination assays 218
Seed germination assays using Arabidopsis were performed on Phytagel as described 219 previously 33 . Brassica tournefortii seeds were sowed in triplicates (35-70 seeds each) on glass 220 microfibre filter paper (Grade 393; Filtech, NSW Australia) held in petri dishes and 221 supplemented with mock or karrikin treatments. Treatments were prepared by diluting 222 acetone (mock) or karrikin stocks (dissolved in acetone) 1:1000 with ultrapure water. The 223 seeds were imbibed in the dark at 22 °C. Numbers of germinated seeds were counted each day 224 until the germination percentages remained unchanged. 225
Hypocotyl elongation assays 226
Arabidopsis hypocotyl elongation assays were performed under red light as described 227 previously 4 . For B. tournefortii, assays were performed with the following modifications to the 228 Arabidopsis protocol: B. tournefortii seeds were sowed in triplicate on glass microfibre filter 229 paper (Filtech) held in petri-dishes supplemented with mock or karrikin treatments. The 230 seeds were imbibed in the dark for 22 h at 22 °C before exposing to continuous red light (20 231 µmol photons m -2 s -1 ) for 3 days. 232
KAI2 degradation assays 233
B. tournefortii seeds were imbibed on glass fibre filters as described above and incubated in 234 the dark at 22°C. Imbibition solutions contained the indicated concentration of karrikins. 235 9 Seeds were harvested after 24, 48 and 72 h and frozen in liquid nitrogen. Protein extraction 236 and immunoblotting were conducted as previously described 28 . The reference panels show a 237 representative region of each blot stained with amido black solution (0.03% w/v in 1:10 238 acetic acid:methanol). 239
Transcript analysis 240
Brassica tournefortii seeds were imbibed on glass fibre filters in the dark at 22 °C as described 241
above For transcript quantification in B. tournefortii seeds, samples were taken at the (approximately 14 h). Leaves of three-week-old Nicotiana bethamiana were then infiltrated 296 with a 5-mL syringe, through the abaxial leaf surface. After four days, the leaves were 297 collected and frozen in liquid nitrogen. 298
Karrikin uptake measurements 299
Fifteen samples of seed were sowed for each karrikin treatment (five time points, each in 300 triplicate). In each sample, approximately 40 mg of Brassica tournefortii seeds were imbibed 301 in 3 mL ultrapure water for 24 h in 5-mL tubes. After centrifugation (2 min at 3220 × g), 302 excess water was removed by pipette and the volume of residual water (mostly absorbed into 303 the seeds) was calculated by weighing the seeds before and after imbibition. were filtered to remove adapters and low quality reads (those with >5% unknown 333 nucleotides, or those in which greater than 20% of base calls had quality scores ≤10). After 334 filtering, both libraries generated reads with >99.9% of nucleotides attaining Q20 quality 335 score. Transcriptome de novo assembly was performed with Trinity 52 . For each library, 336 contigs were assembled into Unigenes; Unigenes from both libraries were then combined, 337 yielding a total of 45,553 predicted coding region sequences with a mean length of 1011 nt. 338
The combined Unigenes were then interrogated for homology to AtKAI2 and AtD14 using 339 (https://www.cgl.ucsf.edu/chimera/). For both BtKAI2a and BtKAI2b models, CASTp 360 erroneously included surface residues near the primary pocket entrance in the calculation of 361 the pocket volumes. This issue was resolved by the artificial placement of a free alanine 362 residue adjacent to the cavity entrance, as described previously 56 . 363
Protein expression and purification 364
BtKAI2 proteins were generated as N-terminal 6×HIS-SUMO fusion proteins. All proteins were 365 expressed in BL21 Rosetta DE3 pLysS cells (Novagen) and purified using IMAC as described 366 previously 28 . 367
Differential scanning fluorimetry 368 DSF was performed and thermal shifts were quantified as described previously 28 
